ABSTRACT Aortic stenosis (AS) and aortic regurgitation (AR) were two types of aortic valve defects which had different hemodynamic characteristics. Ultimately, chronic pressure and volume overloads result in different geometrical and functional patterns. The expectation of our study was to compare the impacts of two different types of loading conditions on myocardial deformation in asymptomatic patients with normal ejection fraction in compensatory stage using three-dimensional speckle tracking echocardiography (3D-STE). Among severe aortic valve disease, 36 patients with AR, and 32 patients with AS were enrolled. All subjects underwent conventional two-dimensional echocardiography and 3D-STE. Clinical and echocardiography characteristics were compared between the groups. Compared with control group, left ventricular twist was increased, along with decreased longitudinal, radial, and circumferential strain in the AS group. And AR patients were characterized by a spherical expansion of ventricle, and reduced myocardial longitudinal and radial strain, along with a preserved rotational motion. In univariate linear regression analysis, age, diastolic blood pressure, e', sphericity index, end-diastolic volume index, stoke volume index, ejection fraction, and left ventricular mass index were independently associated with global longitudinal strain (GLS) in the AR group and relative wall thickness, stroke volume index (SVI), LV mass index, and peak velocity were independently associated with GLS in the AS group. In addition, multiple stepwise regression analysis showed that sphericity index, SVI, and left ventricular ejection fraction (LVEF) were independently associated with GLS in the AR group. And LVEF, peak velocity, and left atrial dimension were independently associated with GLS in the AS group. The affected myocardial layers of AS patients were worse than AR patients, but increased twist was the compensatory mechanism to maintain the effective stroke volume. Multidirectional myocardial damages alert clinicians to be aware that these patients need closer attention.
I. INTRODUCTION
Aortic valve disease (AVD) is a progressive disease with an increasing prevalence, which develops from a multifactorial process including genetic, anatomic and clinical factors. Among aortic valve disease, severe stenosis (AS) and aortic regurgitation (AR) have different types of hemodynamic abnormity. There is an increase in both preload and afterload in AR and preload is the key. However, there is pure afterload increase in AS. The different loading conditions results in two different types of left ventricular (LV) remodeling.
Based on the current guidelines, the onset of symptoms and reduction of left ventricular ejection fraction (LVEF) are regarded as effective indexes to guide the patients for surgical intervention [1] . Once decreased ejection fraction and symptoms determine a poor prognosis, and LV myocardial dysfunction already exists before the situations happen [2] . Of note, some studies demonstrated that roughly 70% of cardiac death events happened in asymptomatic patients with hemodynamically severe AVD without any typical foreshadowing symptoms. In addition, although the severity of LV expansion and/or LV mass might have prognostic value in asymptomatic patients, this quantitative indexes are highly variable from one patient to the other and may be influenced by various kinds of factors such as sex, age, or metabolic abnormalities.
Recent studies illustrate that the strain technologies have provided new insights to reflect ventricular function. And global longitudinal strain (GLS) could detect subclinical systolic LV dysfunction at earlier stage in asymptomatic patients before ejection fraction decrease [3] . Nevertheless, the individual strain parameter in a single plane was not sufficient to provide a complete representation of the complicated myocardial motion. The purpose of our study was to compare the impact of two different type loading conditions on multidirectional myocardial deformation in asymptomatic patients with normal LVEF in the compensatory stage using three-dimensional speckle tracking echocardiography (3D-STE).
II. METHODS

A. STUDY POPULATION
A total number of 68 asymptomatic patients with mainly one type of severe aortic valve disease were enrolled at Wuhan Union Hospital from February 2015, through January 2016. All patients diagnosed by echocardiographic evidence and LVEF above 50%. According to valvular disease categories, the patients were divided into two subgroups, including AR group (n=36) and AS group (n=32). The patients of subgroup mainly existed one type of aortic valve disease, along with less than mild abnormity associated the other cardiac valve disease. Based on published guidelines, severe AS was defined by echocardiographic criteria as peak aortic jet velocity ≥4.0 m/s or mean aortic valve gradient ≥40 mmHg [4] , and severe AR was defined as the jet width/LV outflow tract diameter ≥65% or the width of the vena contracta >0.6cm [5] . Exclusion criteria included cardiomyopathies, coronary artery stenosis above 50%, concomitant mitral valve disease, previous heart surgery, atrial fibrillation.
We recruited 31 healthy volunteers who had normal conditions following electrocardiogram and clinical examination. All subjects underwent conventional two-dimensional echocardiography and 3D-STE. The study protocol was approved by the local research ethics committee.
B. ECHOCARDIOGRAPHY
All patients and control subjects underwent conventional echocardiography and 3D-STE via Philips IE33 system (Philips Medical Systems, Best, The Netherlands). Standard echocardiographic parameters were obtained according to the current guidelines of the American Society of Echocardiography/European Association of Cardiovascular Imaging [6] . Relative wall thickness (RWT) was calculated with the formula: (2×posterior wall thickness)/LV end-diastolic diameter and the value considered increased if ≥0.42. LV maximal long axis (Ld) in apical four-chamber view at end-diastole was acquired. The peak early mitral inflow velocity (E) and peak late mitral inflow velocity (A) were obtained. The early diastolic tissue velocity (e') was evaluated by tissue Doppler imaging over septal annulus motion. The maximal aortic valve velocity was recorded in five-chamber view. Peak and mean aortic pressure gradient were calculated using the Bernoulli formula.
3D Image acquisition was performed using a matrix array transducer from an apical window with the LV as the region of interest. The 3D images were analyzed using the 3D advanced quantification software package of offline workstation (Tomtec Imaging system, Unterschleissheim, Germany). The software based on tracing acoustic markers within the myocardium in a 3D model mesh. First, the endocardial and epicardial border was manually traced at the end-systolic frame and end-diastolic frame. Then, the software automatically tracked the motion of the natural acoustic markers (speckles). The boundary could be manually adjusted frame by frame if needed. The position of myocardial speckles followed three directions (longitudinal, radial and circumferential). When seeing the direction from the view of cardiac apical, counterclockwise rotation was defined as a positive value and clockwise rotation was just the opposite which can be defined as a negative value. Finally, all volumetric and strain parameters including end-systolic volume(ESV), end-diastolic volume(EDV), stroke volume(SV), LVEF, LV mass(LVM), GLS, global radial strain (GRS), global circumferential strain (GCS), apical rotation, basal rotation, Twist and torsion were obtained simultaneously to perform between-group comparisons. EDV, ESV, SV and LVM were normalized to the body surface area, and the end-diastolic volume index (EDVI), endsystolic volume index (ESVI), stroke volume index (SVI) and LV mass index (LVMI) were calculated. The ratio between LVM and EDV was calculated as LV remolding index (LVRI). In this study, sphericity index (SI) was calculated by use of the formula: SI = EDV/ [4π × (Ld/2) 3 /3]. For precision, all measurements were performed in triplicate and displayed as an average value.
To determine the observer variability for three-dimensional strain parameters, the analysis was repeated by the same observer after 1 month and these data was reanalyzed in a blinded fashion by a second experienced observer.
C. STATISTICAL ANALYSIS
Statistical analyses were carried out using SPSS version 18.0 (SPSS, Inc., Chicago, IL). The categorical variables were reported as percentages. Continuous data were expressed as the mean values ± standard deviation. Comparisons between the two groups were performed using Student's t tests for continuous variables. ANOVA was used to compare data within subgroups. Pearson's rank correlation coefficient was used to test relationships between two variables. The observer variability was assessed using both the concordance correlation coefficient and Bland-Altman analysis. Because GLS, GCS, and basal rotation were calculated as negative values, these original strain values were multiplied by −1 and converted to positive values in some analyses. Univariate and multivariate linear regression models were performed to identify the independent predictors of multidirectional myocardial strain in the AR group and AS group respectively. In all statistical tests, P values <0.05 were considered to statistical significance.
III. RESULTS
A. BASELINE CLINICAL AND ECHOCARDIOGRAPHIC CHARACTERISTICS
Among 99 subjects, five patients were excluded due to poor endocardial tracking (95% success rate in total). Ultimately, 94 subjects were enrolled, including control group (n=30), AR group (n = 35) and AS group (n = 29). There were no statistically significant differences in age between AVD groups and control group. Meanwhile, there were no significant differences in the etiology and basic diseases between AR group and AS group. Compared with AS group, diastolic blood pressure was lower in AR group. The baseline clinical characteristics of all patients are exhibited in Table 1 . Left atrial dimension in the AVD group was larger than control group and LV end-diastolic diameter in AR group was larger than the other groups. Posterior wall thickness in AS group was larger than the other groups, with significant statistical differences (P < 0.05). Interventricular septum and RWT were larger in the AVD group than control group. RWT in AS group was the largest one and the value was far more than 0.42. No significant differences in E/A were documented between the groups, while E/e' was larger significantly in the patients with AVD relative to the healthy subjects. In the patients with AR, EDVI, ESVI and SVI were significantly increased than control group. And LVMI was significantly larger in AVD groups than control group. (Table2, Figure 3) . 
B. THE CHANGE OF MULTIDIRECTIONAL MYOCARDIAL DEFORMATION
Compared with healthy subjects, GLS were reduced in the AVD group and the value of AS group was lowest. GRS in AVD group were reduced than control group and the value of AR group was lowest. GCS was only reduced in the AS group and the value of GCS in the AR group was preserved when compared with control group. In the AS group, left ventricular pressure-overload hypertrophy was associated with increased ventricular twist and apical rotation, and a reduction in basal rotation. However, in the AR group, apical rotation and twist reduced mildly with no significant differences. (Table2, Figure 3 ).
C. THE CORRELATION BETWEEN ECHOCARDIOGRAPHY CHARACTERISTICS AND MYOCARDIAL MECHANICS
In AR patients, a significant positive correlation was found between LVEF and GLS (r = 0.42, P = 0.012), or GRS (r = 0.45, P = 0.006). A significant negative correlation was found between GLS and LVEDVI (r = −0.54, P = 0.001) or LVMI (r = −0.55, P = 0.001). (Figure 1 ) In univariate linear regression analysis, age, diastolic blood pressure, e', SI, EDVI, SVI, LVEF and LVMI were independently associated with GLS. In addition, multiple stepwise regression analysis showed that SI, SVI, LVEF were independently associated with GLS and SI, ESVI were independently associated with GRS. (Table 3) .
In AS patients, a significant negative correlation was showed between GLS and peak velocity (r = −0.37, P = 0.004), RWT (r = −0.45, P = 0.015), or LVMI (r = −0.51, P = 0.005). A significant positive correlation was found between GLS and LVEF (r = 0.49, P = 0.006). (Figure 2 ) In univariate linear regression analysis, RWT, SVI, LVMI and peak velocity were independently associated VOLUME 6, 2018 with GLS. In addition, multiple stepwise regression analysis showed that LVEF, peak velocity and left atrial dimension were independently associated with GLS. Our finding of univariate linear regression analysis showed that LVEF and LVMI were the independent predictors of GCS, and only LVMI was the independent predictor in multiple stepwise regression analysis. The other finding of univariate FIGURE 3. Box-plot display of RWT, EDVI, GLS, GCS, GRS, Apical rotation by 3D-STE in the patients with AS and AR compared to controls. AVD, aortic valve disease; AS, aortic stenosis; AR, aortic regurgitation; 3D-STE, three-dimensional speckle tracking echocardiography; RWT, relative wall thickness; EDVI, end-diastolic volume index; GLS, global longitudinal strain; GCS, global circumferential strain; GRS, global radial strain. All strain components are displayed as positive values. * p<0.05.
and multivariate stepwise regression analysis showed that RWT was only independently associated with Apical rotation. (Table 3) . 
D. OBSERVER VARIABILITY
The intra-observer intra-class correlation coefficients for GLS, GRS, GCS, apical rotation, basal rotation and twist were 0.94, 0.88, 0.78, 0.80, 0.72 and 0.82, respectively. Results of the corresponding inter-observer intra-class correlation coefficients were as follows: 0.91, 0.81, 0.74, 0.60, 0.65 and 0.73, respectively. (Table 4 , Figure 4 ).
IV. DISCUSSION
In our study, the main finding is that pressure and volume overloads induced different layer of myocardial dysfunction in compensatory stage. Longitudinal, circumferential and radial strain all decreased in the AS patients, but increased twist was the compensatory mechanism to maintain the effective stroke volume. However, the value of circumferential strain was preserved and rotational mechanism did not take obvious change in the AR group. Our study also showed that decreased strain was related to the change of left ventricular geometry.
Multiple types of pathogenesis may promote the occurrence of aortic valve defects, including AR and AS which has distinct hemodynamic characteristics. In the compensatory stage, the two types of adaptive mechanisms result in different geometrical and functional patterns. Eccentric LV hypertrophy was adaptive responses to chronic volume overload in AR patients, which triggered the axially growth of cardiac myocytes by adding sarcomeres in series [7] - [10] . In our AR group, left ventricular volumetric parameters were obvious increased and left ventricular spherical expansion was observed. However, concentric LV hypertrophy was the signal for long-time pressure overload in AS patients, which characterized by replicated sarcomeres in parallel resulting in thickening of ventricular wall [8] - [10] . In our AS patients, the wall thickness was significantly increased and LV volumetric parameters were mildly increased, but the change of sphericity index was not so obvious. Owing to chronic overload conditions, rearranged myocardial fiber bundles can be maintains the normal wall tension initially. However, the change of ventricular geometry leads to myocardial dysfunction eventually when becomes maladaptive [10] . In our results, left ventricular diastolic function which represented by E/e' was significantly increased in the AVD groups VOLUME 6, 2018 FIGURE 4. Bland-Altman plot to determine agreement of GLS, GCS, GRS and Twist by 3D-STE. 3D-STE, three-dimensional speckle tracking echocardiography; GLS, global longitudinal strain; GRS, global radial strain.
and LVEF was slightly reduced in the normal range in the patient with AR. And some of these configuration parameters were the independent predictor of strain. It is worth noting that multidirectional myocardial strain decreased in the patients with severe aortic valve disease. The findings showed left ventricular pressure-overload hypertrophy was associated with increased ventricular torsion, and reduced global longitudinal strain, radial strain and circumferential strain. However, left ventricular volume-overload hypertrophy was associated with reduced GLS and GRS, and preserved torsion mechanism in AR group.
Previous studies showed that analysis of GLS is a sensitive index for the detection of subtle abnormalities in myocardial mechanics and may indicate pathology before LVEF reduced [3] , [11] , [12] . Our results showed longitudinal strain were reduced, either of chronic pressure overload or of chronic volume overload. And the value was lower in the AS group. GLS could be related to the contraction of longitudinally arranged myocardial fibers. The subendocardial layer fibers were the most vulnerable part of myocardium because diastolic blood supply of coronary arteries decreased and myocardial oxygen consumption increased which used to maintain appropriate ventricular wall stress. The imbalance between oxygen supply and oxygen demand results in subendocardial ischemia [13] , [14] . Nagata et al. [15] shows that the value of three-dimensional GLS was significant lower in patients with major adverse cardiac events compared with those without cardiac events and three-dimensional GLS was the effective indicator for predicting the probability of heart risk in the asymptomatic severe AS patients. Some studies revealed that myocardial fibrosis was an effective index of myocardial impairment in the patients with AVD using cardiac magnetic resonance imaging, which can also be detected using strain imaging [16] . The impairment of longitudinal strain has been associated with the extent of myocardial fibrosis assessed by LGE cardiac magnetic resonance imaging [17] . Reduced GLS seems to have a poor prognosis in patients with significant AVD, even in the preclinical asymptomatic phases [11] , [18] .
By studying left ventricular myocardial architecture, the endocardial and epicardial myocardial layers of the LV wall were reversed arrangement spirally and mid-layer fiber was circumferential arranged in the normal heart. LV eccentric or concentric remolding result from chronic pressure and volume overload could change the direction of myocardial fiber and rearranges myocardial fiber bundles. Furthermore, left ventricular remodeling result in the change of relative motion between winding pattern of the myocardial band. With the disease duration and progression, the involved myocardial layer was increased. At this point, the change in one plane cannot effectively represent the complicated motion of myocardium. Thus quantitative analysis of multidirectional myocardial deformation may better reflect left ventricular function. These adaptive responses rearrange myocardial fiber bundles resulting in different LV remolding. In our study, GLS and GRS was decreased in the AR patients, however GLS, GRS and GCS were all reduced in the AS patients. The results were in accordance with other empirical studies, however the majority of these was two-dimensional speckle tracking analysis [19] , [20] .
In the compensatory stage, AR patients and AS patients can maintain asymptomatic state and normal ejection fraction for some time. At this stage, some myocardial compensatory mechanism could have been at work. By the time multidirectional myocardial strain reduced, increased twist in AS group maybe the compensatory mechanism. For AS patients, abnormal hemodynamic change results in left ventricular pressure-overload hypertrophy and subendocardial ischemia. On that basis, apical rotation increases due not only to increasing the force of subepicardial myofibers, but also to diminishing the counteraction of the subendocardial myofibers [21] , [22] . Nevertheless, circumferential strain and rotational motion was preserved in the AR group when longitudinal strain and radial strain reduced. The geometry of LV spherical expansion may not be beneficial to rotational motion. Research indicating that compensatory circumferential myocardial mechanics (increased apical circumferential strain and rotation) did not work in symptomatic patients, compared with asymptomatic patients [23] . The compensatory mechanics maybe provides incremental value to quantify myocardial dysfunction in the progressive stage.
3D-STE is a non-invasive technology which used to quantify myocardial deformation in the same cardiac cycle. Moreover, recent studies have suggested that 3D-STE could complete data acquisition and analysis in relatively short periods of time, and it was convenient for routine clinical work [24] - [26] . Our finding suggested that multidirectional myocardial deformation plays a major role to assess ventricular function in compensatory stage by 3D-STE. Therefore, multi-dimensional strain and torsion analysis using 3D-STE has provided new and useful information concerning ventricular remodeling patterns in the asymptomatic patients with AVD.
V. CONCLUSION
Pressure and volume overloads induced different layer of myocardial dysfunction in compensatory stage. The involved myocardial layers of AS patients were more than AR patients, but increased twist may be the compensatory mechanism to maintain the effective output. However, longitudinal strain and radial strain were reduced, and rotational mechanism did not obvious work in the AR patients. And progressive myocardial damage could occur when the compensatory strain absent. The comprehensive analysis of myocardial deformation provides us a relatively new view for assessing the intrinsic myocardial function in asymptomatic AVD patients with normal ejection fraction. Multidirectional myocardial damages alert clinicians to be aware that these patients need closer attention. Three-dimensional strain may help to evaluate myocardial dysfunction insidiously in the asymptomatic patients with aortic valve disease.
STUDY LIMITATIONS
A single-center study and small size sample in the research were the substantial limitations, and a large populationbased cohort study is expected in future. Secondly, our study only selected the asymptomatic patients with normal LVEF, the symptomatic patients and the patients with reduced LVEF at late stage need to be further discussed. Lastly, 3D-STE has special requirement on acoustic window and flabellate angle of grabbed images was limited because a huge ventricle cannot be collected completely.
